Background The thumb carpometacarpal (CMC) joint is often affected by osteoarthritis-a mechanically mediated disease. Pathomechanics of the CMC joint, however, are not thoroughly understood due to a paucity of in vivo data. Questions/purposes We documented normal, in vivo CMC joint kinematics during isometric functional tasks. We hypothesized there would be motion of the CMC joint during these tasks and that this motion would differ with sex and age group. We also sought to determine whether the rotations at the CMC joint were coupled and whether the trapezium moved with respect to the third metacarpal. Methods Forty-six asymptomatic subjects were CT-scanned in a neutral position and during three functional tasks (key pinch, jar grasp, jar twist), in an unloaded and a loaded position. Kinematics of the first metacarpal, third metacarpal, and the trapezium were then computed. Results Significant motion was identified in the CMC joint during all tasks. Sex did not have an effect on CMC joint kinematics. Motion patterns differed with age group, but these differences were not systematic across the tasks. Rotation at the CMC joint was generally coupled and posture of the trapezium relative to the third metacarpal changed significantly with thumb position. Conclusions The healthy CMC joint is relatively stable during key pinch, jar grasp, and jar twist tasks, despite sex and age group. Clinical Relevance Our findings indicate that directionally coupled motion patterns in the CMC joint, which lead to a specific loading profile, are similar in men and women. These patterns, in addition to other, nonkinematic influences, especially in the female population, may contribute to the pathomechanics of the osteoarthritic joint.
Introduction
The saddle-shaped thumb carpometacarpal (CMC) joint is largely responsible for the wide range of motion (ROM) in the human thumb. However, the articular geometry that makes this joint highly mobile may also predispose it to instability and osteoarthritis (OA)-a multifactorial disease with biomechanical changes implicated in its pathogenesis [14] . CMC OA affects 15% of adults older than 30 years and 66% of women older than 55 years [11] , making the CMC joint the most frequent site of OA in the hand [23] . The pain and inflammation that accompany thumb CMC OA render straightforward daily activities difficult and lead to substantial impairment in the upper extremity [1] .
Improved understanding of the normal function of the CMC joint should provide insight into the effect of mechanics on the pathogenesis of CMC OA and, ultimately, influence its diagnosis and treatment. In vivo threedimensional (3-D) data are considered state of the art for skeletal kinematic analysis. Yet, a detailed analysis of in vivo 3-D kinematics of the CMC joint has not been reported to date. The existing body of literature is based on cadaver studies [13, 15, 17, 26] , skin marker-based studies that track motion of the thumb, but not the trapezium [4, 6, 9, 18, 19, 21, 31] , or single-subject imaging studies whose purpose has been to verify that flexion/extension and adduction/abduction are the primary degrees of freedom at the CMC joint [3, 7] . Elucidation of OA pathogenesis requires quantitative methods capable of determining both bone rotations (osteokinematics) and articular surface translations (arthrokinematics) and large samples from different demographic groups. Interactions at the articular level are particularly important for understanding the effect of mechanics in cartilage damage.
Here we present an analysis of normal CMC joint kinematics during high-demand functional tasks, using established CT-based markerless bone registration methods of submillimeter and subdegree accuracy [22] . Grasping and precision handling manipulations constitute 40% of hand function [30] and rely heavily on thumb support; therefore, three tasks that utilize those maneuvers were chosen for the study: lateral key pinch, jar grasp, and jar twist. Also, since the incidence of CMC OA is twice as high in women as it is in men and much higher in postmenopausal women than in premenopausal women [2, 11] , we sought to identify the effects of sex and age.
We hypothesized that there would be motion of the CMC joint during the isometric tasks of lateral key pinch, jar grasp, and jar twist and that this joint motion would differ as a function of sex and age. We also sought to determine whether the rotations at the CMC joint were coupled during these tasks and whether the trapezium moved with respect to the third metacarpal.
Subjects and Methods

Subjects
After approval from our institutional review board, 46 asymptomatic subjects were recruited for the study. Subjects were stratified by sex and age group; with the younger participants aged 18 to 35 years and the older participants aged 40 to 75 years (Table 1) . Before enrollment, each subject was examined by an orthopaedic surgeon to rule out conditions that alter CMC joint morphology or kinematics, including traumatic injury, hand or thumb surgery, inflammatory arthritis, metabolic bone disease, and signs of CMC OA or other non-OA diseases of the thumb. Sample size estimates were based on the conservative use of independent and paired t-tests. A sample size of 22 men and 22 women was estimated to provide more than 95% power to detect a difference of 1.1 of the value of the standard deviation (SD) between the means.
Imaging Protocol
The dominant wrists and thumbs of all the subjects were imaged in a splinted neutral position and while they performed three isometric functional tasks (lateral key pinch, jar grasp, and jar twist) at 80% of their maximum effort. Image volumes were generated with a 16-slice clinical CT scanner (GE LightSpeed 1 16; General Electric, Milwaukee, WI, USA) at tube settings of 80 kVp and 80 mA, slice thickness of 0.625 mm, and an in-plane resolution of at least 0.4 9 0.4 mm. The total effective dose of radiation to each participant was less than 1.6 mSv.
Thumb and wrist positions were standardized with a wrist and thumb spica splint brace (Rolyan 1 Original; Patterson Medical, Bolingbrook, IL, USA) during the neutral scan ( Fig. 1A-B ) and with custom-made mechanical jigs, designed to accept an integral compression load cell (0-50 pounds [0-22.7 kg]; Model D Thu-Hole Load Cell; Honeywell International Inc, Morristown, NJ, USA), during the isometric tasks ( Fig. 1C-H) . The neutral position splint placed the wrist in an anatomic neutral posture (approximately 0°flexion/extension and 0°ulnar/radial deviation), with the forearm slightly supinated and the thumb in approximately 0°of flexion/extension and 0°of adduction/abduction.
The jigs used for the functional tasks were based on existing designs [5, 24] . The lateral key pinch jig, which is functionally similar to a Jamar TM pinch meter [24] , consisted of mating flat and concave buttons that minimally enveloped the load cell (height, 12.3 mm). During imaging, the key pinch jig was centered on the middle phalanx of the index finger, with the fingers slightly flexed ( Fig. 1C-D) . A polycarbonate cylinder (diameter, 66 mm; height, 117 mm) [5] was used for both the jar grasp and jar twist tasks. During the jar grasp task, the load cell was recessed into the side of the cylinder and was covered by a concave button, yielding an overall diameter of 67.5 mm. During this task, the subjects were positioned with their wrist in slight extension, no radial/ulnar deviation, and slight forearm supination ( Fig. 1E -F). The height of the jig was adjusted to align the third metacarpal with the midline of the forearm. For the jar twist task, the load cell was placed between the jar lid and jar base ( Fig. 1G -H). During this task, subjects were positioned with their wrist in slight extension and ulnar deviation and the forearm in slight supination. The second metacarpal was aligned with the midline of the forearm and the second metacarpophalangeal joint was placed approximately in the center of the lid.
Two scans were acquired for each isometric functional task: one while the subjects held their hand relaxed in the prescribed position (unloaded) and one while they isometrically applied 80% of their maximum effort (loaded). The front panel of a custom LabVIEW TM (National Instruments, Austin, TX, USA) data acquisition program provided visual feedback to assist the subjects in maintaining 80% of their maximum force during the loaded scan. This percentage was selected because it represented a high level of joint loading that could be sustained for the whole duration of the scan (30 seconds).
Bone Kinematics
The outer cortical surfaces of the wrist, hand, and forearm bones were segmented from the neutral CT volumes using Mimics 1 v.13.1 (Materialise, Leuven, Belgium) and exported as meshed surfaces (Fig. 1B) . Six-degree-offreedom kinematics from the neutral position to each of the remaining six positions were determined for each bone with a markerless bone registration algorithm [22] . Kinematics of the first metacarpal with respect to the trapezium were then expressed in terms of a CMC joint coordinate system that describes flexion/extension about an anatomically oriented ulnar-radial axis embedded in the trapezium (X TPM ), adduction/abduction about an anatomicallyoriented dorsal-volar axis embedded in the metacarpal (Z MC1 ), and internal/external rotation about a distalproximal axis (Y) perpendicular to both of the body-fixed Values are expressed as mean ± one SD. axes [7, 12] (Fig. 2 ). Joint translation was defined as translation of the origin of the metacarpal coordinate system with respect to the trapezial coordinate system [32] . Rotations and translations of the metacarpal with respect to the trapezium from an unloaded to a loaded position were computed to determine motion patterns with loading during a given task, whereas rotations from the neutral position to the unloaded position of each task were computed to determine potential rotational couplings in the joint. Rigidity of the trapezium with respect to the third metacarpal was examined by computing their relative posture in each position, using a coordinate system based on inertial properties for the third metacarpal and a coordinate system based on articular curvature for the trapezium [12] .
Statistical Analysis
One-sample t-tests, with a Bonferroni adjustment for multiple comparisons (p = 0.008), were used to determine whether the mean CMC joint rotations and translations occurring during isometric thumb loading were statistically different from a hypothetical value of zero. A correlated error general linear model was used to determine the effects of sex, age, and task on these motions. The model was composed of four, fully crossed factors: (1) sex, (2) age group, (3) task, and (4) the six degrees of freedom. A large model was used to consolidate all of the data and increase the power relative to the independent analyses. Statistically significant main effects and interactions involving more than two means were followed up with orthogonal linear contrasts. Regression analyses were used to examine whether the primary rotations of the CMC joint were coupled during these tasks. A two-way (task, rotation) repeated-measures ANOVA with Holm-Sidak post hoc tests was used for pairwise comparisons of the postures of the trapezium in the loaded task positions with its posture in the neutral position. Three CT scans (one per task) were excluded from the analysis due to technical errors.
Results
Overall, motion of the first metacarpal with respect to the trapezium, during isometric loading, was modest in magnitude but significantly different from a zero value in all of the functional tasks ( Table 2 ). The statistically significant directions of CMC joint motion were flexion, internal rotation, and volar translation during key pinch (Fig. 3A) ; external rotation, abduction, ulnar, distal, and volar translation during jar grasp (Fig. 3B) ; and proximal translation during jar twist (Fig. 3C) .
The general linear model revealed that there was no statistically significant main effect or interaction due to sex but that there were differential effects of age on CMC motion, most consistently in adduction/abduction, depending on the task (key pinch: Table 3 ; jar grasp: Table 4 ; jar twist: Table 5 ). Follow-up comparisons revealed significantly greater abduction during key pinch in the older subjects (À7.1°± 8.2°) than in the younger subjects (0.7°± 11.1°) (p = 0.005), significantly greater abduction during jar grasp in the younger subjects (À4.4°± 1.6°) than in the older subjects (À2.1°± 4.1°) (p = 0.004), and significantly greater abduction during jar twist in the older subjects (3.4°± 8.2°) than in the younger subjects (À1.4°± 9.0°) (p = 0.039). Additionally, ulnar translation during jar twist was significantly greater in the younger Fig. 2A-B (A) A right wrist and (B) the magnified CMC joint with the coordinate system and directions of motion are shown: flexion/extension, internal/external rotation, and adduction/abduction. subjects (À1.0 ± 1.4 mm) than in the older subjects (À0.2 ± 2.3 mm) (p = 0.033). No other age differences in CMC joint motion were statistically significant.
CMC joint rotations generally occurred in a coupled manner. Flexion/extension was coupled with adduction/abduction as subjects moved from the neutral position to the unloaded position of the three functional tasks (r = 0.827, p \ 0.001) ( Fig. 4) . For the small motions occurring with loading, coupling was not as evident, but it was statistically significant (r = 0.44, p \ 0.001). Internal/external rotation was also coupled with flexion/extension and adduction/abduction during both motion from the neutral position to the unloaded task position (r = 0.54, p \ 0.001) and motion from the unloaded to the loaded task positions (r = 0.62, p \ 0.001). Values are expressed as mean ± one SD; * compared to a hypothetical value of zero motion; CMC = carpometacarpal; F/E = flexion/extension (+/À); U/R = radial/ulnar translation (+/À); I/E = internal/external rotation (+/À); P/D = proximal/distal translation (+/À); A/A = adduction/abduction rotation (+/À); V/D = volar/dorsal translation (+/À). Values are expressed as mean ± one SD; CMC = carpometacarpal; F/E = flexion/extension (+/À); U/R = radial/ulnar translation (+/À); I/E = internal/external rotation (+/À); P/D = proximal/distal translation (+/À); A/A = adduction/abduction rotation (+/À); V/D = volar/ dorsal translation (+/À).
Changes in the orientation of the trapezium with respect to the third metacarpal during the tasks were small in magnitude (\ 5°in each direction) but statistically significant (Table 6 ). Pairwise comparisons of the loaded positions of each task with the neutral position showed significant (p \ 0.001) changes in the orientation of the trapezium, especially in the directions of extension and radial deviation ( Table 6 ).
Discussion
OA of the CMC joint is believed to be partly a mechanical disease, but little evidence exists to support models of normal mechanics and pathomechanics. We addressed the paucity of information regarding CMC joint mechanics by measuring normal CMC joint kinematics during three isometric functional tasks and by exploring the potential effects of sex and age, since older women are more predisposed to the disease. We also determined whether the rotations at the CMC joint were coupled during these tasks and whether the trapezium moved with respect to the third metacarpal.
This study has several limitations that should be considered when interpreting its findings. First, we chose the isometric key pinch, jar grasp, and jar twist tasks to provoke instability at the CMC joint; however, it is possible that there are other tasks that would result in greater CMC motion or demonstrate greater sex-or age-related Values are expressed as mean ± one SD; CMC = carpometacarpal; F/E = flexion/extension (+/À); U/R = radial/ulnar translation (+/À); I/E = internal/external rotation (+/À); P/D = proximal/distal translation (+/À); A/A = adduction/abduction rotation (+/À); V/D = volar/ dorsal translation (+/À). Values are expressed as mean ± one SD; CMC = carpometacarpal; F/E = flexion/extension (+/À); U/R = radial/ulnar translation (+/À); I/E = internal/external rotation (+/À); P/D = proximal/distal translation (+/À); A/A = adduction/abduction rotation (+/À); V/D = volar/ dorsal translation (+/À). differences. Similarly, the coupling patterns we observed are specific to the tasks we evaluated and may not represent the whole operational space of the CMC joint. Second, differences in subject size and anatomy may have led to variability in thumb positioning, which in turn could have decreased our ability to detect subtle group-to-group differences. Third, the largest inter-subject variability in CMC joint motion was observed during the jar twist task. We instrumented the jar twist jig to measure the total torque applied to the jar top, without isolating the torque applied by the thumb. Inconsistency in finger placement around the jar lid may have led to variability in load distribution between the thumb and fingers. It is unclear, however, if differences in this distribution affect CMC joint kinematics during the execution of this task. And finally, even though we followed strict standardization protocols, the exact position of the wrist cannot be controlled. We can, however, accurately compute wrist position postscanning. We found that the changes in wrist position with loading were greatest during the jar twist task, where they reached an average of 7.7°. The question of how CMC joint kinematics are affected by such changes in wrist position was not addressed in this study. We found that the magnitude of CMC joint motion during isometric functional tasks was small, confirming that the normal, healthy CMC joint is relatively stable, even when subjected to substantial loading. CMC kinematics were significantly influenced by subject age group but not by sex. Flexion/extension at the CMC joint was coupled with adduction/abduction and internal/external rotation was coupled with both flexion/extension and adduction/abduction. Additionally, we found that, although the orientation of the trapezium with respect to the third metacarpal during each task changed by a mean of less than 58 in each direction from its orientation in the neutral position, these changes were statistically significant.
The relatively small motions of the metacarpal that were observed with loading suggest that, despite the relative incongruity of the mating joint surfaces, the thumb CMC joint is functionally stable in nonarthritic individuals. The statistically significant motions at the CMC joint are generally consistent with previously reported patterns of cartilage damage, which typically starts in the volar quadrants of the CMC joint [16, 20] . Given the large change in contact pressure that may result even from very little joint motion [10] , a follow-up study of changes in joint space and joint congruence at the CMC joint will be useful to quantify the influence of loading and to determine whether mechanical measures other than kinematics may be statistically and clinically different with sex and age.
We expected to find increased translation and rotation of the metacarpal in women and in the older subjects. The lack of sex-based differences was most surprising, since OA afflicts 1 .
3 of women older than 30 years and 2 . 3 of women older than 55 years [11] . Also, reduced joint congruence [33] and increased ligamentous laxity [28] are believed to predispose women to mechanical instability and, subsequently, OA. The outcome measures we evaluated reflect the combined influences of anatomy and neuromuscular control. Accordingly, there are two possible interpretations for our findings: either the thumb CMC joint is inherently stable in nonarthritic women or they are able to compensate through adaptive neuromuscular control. Answering that question, however, is beyond the scope of this study. The differences between the two age groups in abduction/adduction were statistically significant, and perhaps clinically relevant, although interpreting the variability in the magnitude and the direction of the changes will require further investigation.
Our results of motion coupling at the CMC joint are consistent with previously published findings from cadaveric and optical motion tracking studies. We observed significant coupling of flexion/extension and adduction/ abduction. In a comprehensive marker-based thumb motion study, Tang et al. [31] also reported that the first metacarpal generally moves in a direction that is oblique to the anatomy of the CMC joint. In addition, our finding that internal/external rotation of the metacarpal was coupled with flexion/extension and adduction/abduction simultaneously is in agreement with findings from other studies that have reported the flexion/extension and the adduction/ abduction axes as primary axes of motion at the CMC joint and internal/external rotation as a secondary axis of rotation that is coupled with the previous two [8, 9, 13, 15, 29] .
Despite reports of rigidity in the trapezium-trapezoidcapitate articulations [25] and the capitate-third metacarpal Values are expressed as mean ± one SD; * X = pronation; Y = radial deviation; Z = extension; a two-way (task, rotation) repeated-measures ANOVA with Holm-Sidak post hoc tests was used for pairwise comparisons of the postures of the trapezium in the loaded task positions with its posture in the neutral position.
articulation [27] , our finding that motion of the trapezium with respect to the third metacarpal changes with thumb motion suggests that assumptions of trapezium-third metacarpal rigidity should be made cautiously [9, 21] . Assumptions of rigidity may be appropriate when answering questions regarding larger operational motion patterns at the thumb, rather than interactions at the CMC joint level, for which CT-based methods seem necessary. In summary, using state-of-the-art motion tracking methods, we did not find evidence of abnormal measurable kinematics, such as dorsal translation, that might correlate with clinical measurements of joint laxity, in women or in older subjects. CMC OA is most common in older women, and many studies maintain that, since ligament laxity is more pronounced in women, it may be a predisposing cause of CMC OA [28] . Our study suggests that, while kinematic patterns may change with age, they do not appear to change in a manner that would predictably lead to OA. We can further postulate that, while joint loading may precipitate the development of OA in individuals who are predisposed to OA by systemic or morphologic factors (eg, joint shape), motion patterns are not a primary etiologic factor. A longitudinal study of kinematics in individuals with early OA would complement our study by providing evidence, or counterevidence, that pathomechanics develop concurrently with or after metabolic deregulations. While our study cannot address the role of joint laxity or abnormal motion in OA, it does support the absence of joint laxity during functional tasks, in asymptomatic individuals, including women, who theoretically are at high risk of developing OA.
